The National Tuberculosis Control Programme (NTP) in Pakistan has officially achieved a tuberculosis (TB) case detection rate of 64% in 2011, with an estimated incidence rate of 230 per 100 000 population, but is likely to be missing an unknown number of patients, particularly in the private sector. S E T T I N G : All public and private sector providers in 12 randomly selected districts of Pakistan were included. O B J E C T I V E : To estimate TB incidence and TB notification rates in Pakistan in 2012. D E S I G N : A surveillance system was established among all eligible non-NTP providers in selected districts from January to March 2012. Record linkage and capturer ecapture analysis was conducted. R E S U LT S : Of 8346 TB cases identified after record linkage, 6061 were registered with the NTP. The estimated number of unobserved TB cases was 10 030 (95%CI 7800-12 910), which meant that the proportion of notified cases was 32% (95%CI 17-49). The calculated annual incidence was 878 000 cases (95%CI 573 000-1 675 000), corresponding to a rate of 497/ 100 000 (95%CI 324-948) annually in the population.
B A C K G R O U N D :
The National Tuberculosis Control Programme (NTP) in Pakistan has officially achieved a tuberculosis (TB) case detection rate of 64% in 2011, with an estimated incidence rate of 230 per 100 000 population, but is likely to be missing an unknown number of patients, particularly in the private sector. S E T T I N G : All public and private sector providers in 12 randomly selected districts of Pakistan were included. O B J E C T I V E : To estimate TB incidence and TB notification rates in Pakistan in 2012. D E S I G N : A surveillance system was established among all eligible non-NTP providers in selected districts from January to March 2012. Record linkage and capturer ecapture analysis was conducted. R E S U LT S : Of 8346 TB cases identified after record linkage, 6061 were registered with the NTP. The estimated number of unobserved TB cases was 10 030 (95%CI 7800-12 910), which meant that the proportion of notified cases was 32% (95%CI 17-49). The calculated annual incidence was 878 000 cases (95%CI 573 000-1 675 000), corresponding to a rate of 497/ 100 000 (95%CI 324-948) annually in the population.
C O N C L U S I O N :
The study estimated that the proportion of cases notified to the NTP was low, with actual incidence rates being higher than official estimates. TB surveillance should be strengthened to reduce under-reporting. K E Y W O R D S : tuberculosis; surveillance; record-linkage; capture-recapture analysis PAKISTAN has adopted World Health Organization targets for tuberculosis (TB) control, including that of detecting 70% of new sputum smear-positive cases occurring each year and of successfully treating 85% of detected cases. 1 In 2011, the estimated incidence of all types of TB in Pakistan was 231 per 100 000 population. Based on these estimates, the country reported a case detection rate of 64% for all types of TB. 2 It is possible that the case detection rate varies across the country; however, the estimates of disease burden upon which this is based was undertaken at the national level, and we have no reliable estimates for the sub-national level.
While the relatively high case detection rate is encouraging, it is based on estimates rather than direct measures of the disease burden, and it is not certain how correct these estimates are. This is particularly important as comprehensive case detection is essential for the prevention of disease transmission and reduction of the disease burden.
Outside the National Tuberculosis Programme (NTP), private and public health care providers attend to an unknown but probably substantial number of TB patients. These health care providers are instructed to refer patients to the NTP but, as in other developing countries, this happens with varying comprehensiveness of notifi cation. 3 While public-private mix approaches can improve case notifi cation, 4 the NTP faces multiple challenges in expanding this approach. This is particularly important, as non-NTP providers do not always follow NTP guidelines for TB management, 5 which could contribute to the emergence of clinically signifi cant drug resistance.
Although the TB burden can be measured by prevalence studies, these are costly and time-consuming and may not be feasible. 6 A simpler method of estimating TB burden and case notifi cation is through assessing the completeness of TB registration by record linkage and capture-recapture techniques. 7, 8 The latter technique has been applied in Egypt and Iraq. 9, 10 TB surveillance in Pakistan has improved since the introduction of the DOTS strategy in 1990; however, to date the programme has not achieved full coverage of all health care providers. We conducted a
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56 The International Journal of Tuberculosis and Lung Disease capture-recapture study involving all TB care providers in the non-NTP sector to estimate the TB burden. As TB is not notifi able by law in Pakistan, it is important to obtain evidence regarding the extent of missing cases from national notifi cations. The main objective of the present study was to assess the completeness of TB notifi cation from all providers.
METHODS

Study setting
Administratively, Pakistan (population: 177 million in 2011 2 ) is divided into four provinces, which are subdivided into 131 districts. TB services are provided by various institutions and groups. Public providers include the NTP and non-NTP public health services (public hospitals, university hospitals, occupational services such as petroleum companies, prisons, the army, etc). Private health services include private sector hospitals, teaching hospitals and universities, clinics of general practitioners (GPs), polyclinics, health facilities run by various charitable groups, and informal health providers. Some TB cases are also identifi ed by private laboratories. The study data were collected from all care providers in the non-NTP sector, both private and public; routine NTP data were used for record linkage.
The study population consisted of all patients with symptoms suggestive of TB in 12 randomly selected districts in Pakistan. All individuals with a cough of >2 weeks' duration who consulted public or private providers for their symptoms were included. Following a pilot study to assess feasibility, 11 data for record linkage were collected from July 2011 to June 2012 and the data from modifi ed diagnostic and laboratory registers was collected on the registers from January to March 2012.
Study design and sampling methods
Prospective surveillance was set up to identify cases presenting to all known providers in the sampled districts. Suspects were consecutively enrolled and followed up until confi rmation of diagnosis. Stratifi ed cluster random sampling was used to obtain a representative sample from 12 of 131 districts of Pakistan in 2010, with strata defi ned by four equal-sized groups (quartiles) according to levels of smear-positive notifi cation rates, i.e., quartile 1 (low) <10 smear-positive notifi cation rate; quartile 2 (intermediate) [10] [11] [12] [13] [14] [15] ; quartile 3 (high) 15-21; and quartile 4 (very high) >21. The number of selected districts (Table 1 ) from each stratum was allocated proportionately weighted on its population size. One district was obtained from stratum 1, 6 from stratum 2, 2 from stratum 3 and 3 from stratum 4. All non-NTP facilities in the selected districts were mapped, and consenting providers were enrolled.
Definitions
Incident TB cases were defi ned as 1) all TB patients registered with the NTP between 1 January and 31 March 2012, or 2) all TB cases confi rmed according to NTP criteria during the same time period for cases known to non-NTP providers.
Registers and record linkage
Four sources of information were used: the NTP TB Register, non-NTP public health facilities, private health facilities and private laboratory facilities. The NTP TB Register was reviewed and data on all patients recorded. Modifi ed TB and laboratory registers were created and reviewed; these data collection tools were used to record the management of patients by non-NTP health care providers without changing their routine practice. 9, 10 These facilities were visited weekly by fi eld offi cers and district tuberculosis coordinators (DTCs) to check records, with instructions to collect missing names for proper record linkage and evaluate the accuracy and notifi cation status of TB cases. Non-registered non-NTP cases were contacted to verify diagnoses per NTP criteria.
Every eligible patient was recorded in the study The NTP register entered in the Excel database (Microsoft, Redmond, WA, USA) was examined two quarters before and one quarter after the study period (i.e., between July 2011 and June 2012) to check and correct any misclassifi cation of patients not diagnosed during the study period or referred late for notifi cation. Confi rmed non-registered cases were added after the study period into the NTP register. Forms collected by fi eld offi cers were forwarded to the DTCs and then to the NTP. Record linkage was performed using the combination of fi rst, father's and family names as unique identifi ers 9 for each case. If at least three names were found as an absolute match between non-NTP and NTP data, the case was considered as notifi ed. All non-notifi ed cases were entered into a separate TB register in each district maintained by the DTCs. The completeness of the NTP registers was assessed by comparing the list of all patients identifi ed by the study with those recorded in the NTP registers.
TB data were entered in an Access database (Microsoft, Redmond, WA, USA) and NTP data in an Excel spreadsheet. After data cleaning and validation by double data entry of all records, completeness of registration was explored by adding records from all three sources, and duplicates were removed (inventory method). Data quality was improved by crossvalidation between data sources. 12 Capture-recapture analysis Data from partially overlapping registers of TB in the community were analysed using capture-recapture, 13 which examines the extent of overlap between sources to estimate the total number of unobserved cases. In particular, log-linear models are typically applied to three or more data registers so that dependencies between sources can be accounted for via interaction terms. Denoting capture by each source as A, B and C and indexing these sources by i, j and k, respectively, the expected counts E(n ijk ) are expressed as follows:
where the x terms are indicator variables and the μ terms are log risk ratios, e.g., x AB corresponds to capture by both source A and B, and μ AB is an interaction term for these sources. Typically, the 3-way interaction term, μ ABC , is omitted so that estimation can proceed. The μ 0 term corresponds to capture by none of the sources and therefore its exponential exp(μ 0 ) provides an estimate of the number of unobserved cases. The total number of cases is then given by N obs + exp(μ 0 ), where N obs is the total of observed TB cases. Further details and limitations of the method and assumptions are described elsewhere. 8, 14 This approach has been used in studies to estimate TB in other resource-limited settings. 9, 10, 15 As non-NTP public provider data did not overlap with non-NTP private providers, this could not be used as a third source; non-NTP laboratories were therefore used as a third source, and data from the NTP, non-NTP private providers and the non-NTP laboratories were used for the fi nal log linear analysis. This was preferred, as it was less likely to be compromised by violation of the assumption of independence, as opposed to two linked registers, which do not allow for between-source dependence. 8, 14, 16, 17 Eight standard models (including three possible 2-way interactions) and three non-standard models (including 3-way interaction at the expense of one of the 2-way interactions) were applied, and the model with the lowest Akaike Information Criteria (AIC) value was chosen, with lower values indicating better models. This is a standard method for model selection in capture-recapture studies. 8 These models also incorporate the 2-source overlap between NTP and non-NTP public providers, which must be assumed to be independent. Estimates were therefore an average of the 3-source model and this 2-source model, with the AIC based to some extent on how well the model fi ts the 2-source data.
The selected model was then used to predict the total number of TB cases in Pakistan by adjusting for the sampling design. This allows for the proportion of observed cases to be estimated (observed/estimated total), denoted the case ascertainment rate; the estimated proportion of notifi ed cases is the number of TB cases after record linkage (NTP) divided by the estimated total. 15 By applying the estimated proportion of NTP notifi cations to the annual number of notifi ed TB patients in all districts in 2011-2012, we obtained an estimate of the total number of TB patients in Pakistan in 2012. All analyses were performed using Stata version 12 (Stata Corp, College Station, TX, USA).
Ethics approval
Ethics approval for this study was obtained from the National Bioethics Committee of the Pakistan Medical and Research Council. Informed consent was obtained from non-NTP providers, but not from patients, as the registers introduced follow the national guidelines of the nominal public health surveillance system for TB. Table 2 indicates that a total of 8346 TB cases was identifi ed in the 12 study districts between 1 January 2012 to 31 March 2012. Of these, 6061 (73%) were recorded in the NTP TB register. Among all cases detected during the study period, 2633 (32%) were diagnosed in the non-NTP sector: 1950 (23% of all cases) in the private health services, 288 (3%) in private laboratories and 47 (0.56%) in non-NTP public health facilities. A total of 348 (4%) patients were known to both the NTP and non-NTP sector, and 2285 (27%) were not notifi ed to the NTP. The Figure  displays the distribution of these cases in the four registers in a Venn diagram, identifying the overlap in data sources. In general, there was relatively little overlap between sources.
RESULTS
Record linkage
Capture-recapture analysis
In this study, the model with the lowest AIC score was the non-standard model S1, with two 2-way interactions (NTP×Private, NTP×Laboratory), and one the 3-way interaction between all sources (NTP×Private× Laboratory; Table 3 ). There was negative dependence for NTP×Private and NTP×Laboratory, although the 3-way interaction was positive. The estimated proportion of notifi ed cases in this study was 33% (95% confi dence interval [CI] 17-49), and the estimated case ascertainment rate was 45%.
The proportion of cases notifi ed to the NTP was estimated at 32% (95%CI 17-49) after adjusting for sampling design. When applied to NTP data for the whole of Pakistan in 2011, we obtained an estimated incidence of 878 000 cases (95%CI 573 000-1 675 000) annually and a rate of 497/100 000 (95%CI 324-948).
DISCUSSION
In this capture-recapture study, we found that a substantial proportion of TB cases were identifi ed in the non-NTP public and private sectors. The proportion of notifi ed cases for all TB cases after record linkage in Pakistan and the case ascertainment was quite low. The corresponding TB incidence rate was more than double the offi cial rate. To obtain a high degree of precision, the recommended sampling fraction is 50%. 18 Due to the huge number of facilities in Pakistan and resource constraints, 12 districts 
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were sampled. This is the reason for the low degree of precision. Future studies in Pakistan would need to be conducted at provincial rather than national level.
Assumptions and limitations of capture-recapture analysis are described elsewhere. 8, [19] [20] [21] [22] [23] [24] The independence assumption is often violated in epidemiological studies, as service providers may collaborate, leading to a positive dependence and hence underestimation of the number of unobserved cases. Conversely, if service providers are largely distinct, a negative dependence between sources may occur, leading to overestimates. 25 Individual-level heterogeneity in patients' propensity to be recorded in different registers can produce similar effects. 26 Log-linear models may address dependencies via interaction terms, but standard models cannot account for potential 3-way interactions (or the n-way interaction in an n source study). Other assumptions are that record linkage is perfect, and that the population is closed, i.e., the effect of death and migration is small. Late referrals or notifi cations can lead to misclassifi cation, which was reduced by examining NTP registers two quarters before and one quarter after the study period. This also reduced violation of accuracy of diagnosis, and cases captured outside the study period were excluded. The frequent visits by research assistants ensured good quality of the non-NTP records and should stimulate further collaboration with non-NTP providers.
The fact that three registers were linked allowed us to account for possible pair-wise dependencies between sources via interactions in log-linear models. 27 However, there is a strong possibility of a 3-way interaction, unmeasured heterogeneity, or both. We were led to this conclusion because the standard saturated model gave a good model fi t but unreasonably high estimates of TB cases. We therefore selected a non-standard model that allowed for a 3-way interaction at the expense of the lower-order interaction between non-NTP private health facilities and private laboratories. We attempted to assess potential heterogeneity according to age and found that this did not affect our results; however, it is of course not possible to assess heterogeneity according to unmeasured covariates, such as care-seeking behaviour. As the 95%CIs were wide due to low overlap between registers, our conclusions are uncertain.
High-quality information on individual unique identifi ers (four names in Urdu) minimised violations of perfect record linkage. Visits of fi eld offi cers every week reduced failure to match incomplete registers. The study period lasted 3 months to reduce violations of the closed population assumption by reducing population mobility during this time. All participants were defi ned by the study period; we checked the registers before and after this period to ensure persons were not missed or mistakenly included in the study. The study did not include asymptomatic cases or those who do not have access to health care providers. These factors may contribute to heterogeneity and violate the assumptions of capture-recapture analysis; the results should therefore be viewed with some caution.
Impact on future public health policy
The estimated proportion of notifi ed cases of the NTP surveillance for all TB cases in Pakistan is higher than the latest WHO estimates. 2 The involvement of all health care providers with the NTP should improve the future completeness of routine TB surveillance notifi cation. Although model uncertainty means that our results do not provide an accurate estimate of true TB incidence in Pakistan, we nevertheless conclude that the TB burden has been underestimated.
Non-NTP providers appear to use NTP laboratories fairly frequently. This may be because services are provided free of charge to individuals with presumed TB by these laboratories, and due to confi dence in the services offered. However, the NTP registration process occurs after the drugs have been provided, and not automatically from the laboratory register, which should ideally be done to identify cases who are detected but never registered and started on treatment.
To estimate the completeness of TB notifi cations in resource-limited countries, use of record-linkage studies and capture-recapture techniques will increase communication between all those involved in TB diagnosis and care and improve TB surveillance systems. Capture-recapture modelling should be undertaken with care, as violation of assumptions can lead to biased estimates, and the results should be treated with caution. Nevertheless, our analyses indicate a high TB incidence rate in Pakistan. It has been noted that antit uberculosis drugs are available over the counter, 28 and when considered alongside the high quantity of drugs used by the NTP for TB patients, an estimated annual incidence of over 800 000 cases is not unreasonable. A high proportion of non-NTP cases are diagnosed at NTP laboratories but are under-n otifi ed. Crosschecking of the laboratory and TB registers is recommended to complete the registration of all cases.
CONCLUSIONS
In this study, we have used record linkage and capturerecapture techniques to show that the proportion of cases notifi ed to Pakistan's NTP may be quite low, and that our estimates of Pakistan's annual incidence rate are much higher than 2011 WHO estimates. Improved notifi cation by all providers and access to proper treatment to reduce TB transmission is recommended to reduce the TB burden in the community. IC95% 7800-12 910) , lo cual in dica que la proporción de casos notificados fue 32% (IC95% 17-49). La incidencia anual calculada fue 878 000 casos (IC95% 573 000-1 675 000), lo cual corresponde a una tasa de incidencia de 497 por 100 000 habitantes por año (IC95% 324-948). C O N C L U S I Ó N : En el estudio reveló una baja proporción de casos notificados al PNT de Pakistán, con tasas de incidencia superiores a los cálculos oficiales. Es necesario fortalecer la vigilancia de la TB con el fin de corregir la subnotificación.
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